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The U.S. Army Engineer Research and Development 
Center, Construction Engineering Research Laboratory (ERDC-
CERL) is developing a new class of flexible, generative textile 
as a novel means of sustainable wind energy generation. 
Flexible, generative carbon nanotube (CNT)-based textiles may 
have excellent potential for electrical capacitive storage and 
reuse in conjunction with small-scale energy-harvesting 
systems, both from wind for fixed applications and from human 
locomotion.  
This paper describes the design and optimization of a 
three-layer generative textile composed of discrete layers for 
generation, distribution, and storage. Initial results suggest that 
improvement in the generation layer will provide the highest 
increase in overall performance. The output of the 
electromagnetic tests shows a power density of 0.17 mW/cm3. 
However, the efficiency can be significantly improved through 
increasing the voltage output of the generation layer from 20 
mV to around 1V. In an analysis of the operational envelope, 
wind data collected locally at ERDC-CERL and at other sites 
around the world reveal close similarity in the probability 
distributions, which could allow for a practical engineering 
approach capable of harvesting the steady “ram” component in 
addition to a variable energy component of the wind. To further 
study the textile-wind interactions, a wind simulation 
environment is being developed and has been able to obtain 
reproducible wind speed data thus far. 
INTRODUCTION 
Wind represents a long-recognized sustainable energy 
source that is inherently nonpolluting and available worldwide.  
Furthermore, it is often available during nighttime and cloudy 
conditions, thus complementing solar-based energy production 
methods. Conventional wind turbine design is well understood 
[1-3]. However, more subtle energy-containing components of 
wind now can be studied and analyzed using sonic 
anemometry—especially its high-frequency sampling rate 
characterization capabilities.  Here we begin to describe and 
characterize this wind component, estimate its potential 
additional contribution to wind-based electrical power 
generation, and outline an engineering concept whereby this 
previously untapped energy could be effectively harnessed 
using a nonconventional textile that can convert it to electric 
power for active loads and storage. 
Active generation, control, and storage capabilities could 
be integrated into lightweight functional fabrics with numerous 
potential applications. These capabilities would be engineered 
by incorporating conducting/semiconducting fibers into the 
fabric or modifying conventional fibers to generate electric 
energy from ambient kinetic energy and route it to either a load 
or an integrated storage medium. 
To be practical, functional fabrics must be durable and 
suitable for integration across a variety of platforms ranging 
from fixed installations to field shelters such as tents, and 
possibly to wearable implementations. 
In this study we have conceived a three-layer textile design 
to generate and store wind-based energy in a usable electric 
form, as shown in Fig. 1. This design has a generation layer 
designed to harvest kinetic energy from the environment 
surrounding the textile. The generated electrical energy is 
transmitted through a control layer that delivers the power to 
either an active load or a separate storage layer. The storage 
layer is designed to store surplus power not needed by the 
active load and dynamically deliver power to the load as 
needed. This paper provides an overview of ERDC-CERL 
research now under way to investigate the key elements of this 
engineering concept, namely textile design, wind energy 
analysis, textile motion analysis and modeling, and the setup of 
a wind-simulation test bed for further textile study and 
development. 
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Figure 1. Conceptual tri-layer textile design.  
 
 
CONCEPT AND DESIGN 
Electrical Generation 
Some initial work on electrical generation from variable 
wind-induced motion has been performed. Based on designs 
from the literature [4-6], this has largely entailed permanent 
magnets, both cylindrical and spherical, and a relative motion 
using coils of wire in various configurations. Thus far, three 
distinct classes of configuration have been considered and 
tested, with work ongoing.  Initial results using an industrial fan 
to simulate a wind environment have achieved outputs as high 
as 0.17 mW/cm3. To assist this effort and improve our 
understanding, COMSOL Multiphysics [7] is being used to 
examine the interaction of a moving coil and magnet. Figure 2 
shows the instantaneous magnetic flux density of a copper coil 
moving through a magnetic field from a cylindrical NdFeB 
magnet (2.54 cm long x 1.27 cm diameter). The 2.2 T field is 
greater than typically expected with these 
 
 
Figure 2. Finite element analysis of coil and magnet 
interaction. 
dimensions at this point because this is a simulated 
environment, but future efforts will be able to better correlate 
the empirical results with the computer-generated results.  
Additionally, an analytical closed-form expression of a 
magnetic field from different variations on a bar magnet has 
also been developed. 
 
Electronic Control and System Wide Optimization   
Presuming for the moment an efficient means to both 
capture the wind and to produce electricity from it, a method to 
effectively and practically manage this energy is needed.  The 
electrical energy needs to be compatible with the intended load, 
and either used or stored as required.  Innovative ideas for 
efficient controls have previously been investigated [8,9] and 
currently, two main approaches are being considered that in part 
depend on the ultimate front-end generation characteristics: an 
ultra-low-power energy converter (Linear Technologies 
LTC3108), and a higher-power device (LTC3525L-3) [10,11]. 
If the improvement in the generation layer is high enough (Pout 
>10 mW per generation unit), then this device or others like it 
could be used. Figure 3 shows the significant energy conversion 
improvement by changing integrated circuit power-conversion 
devices from the ultra-low-input voltage device (Fig. 3a) to one 
with a more reasonable input voltage (Fig. 3b). Added system-
wide efficiency gains ranging from 200 - 1,600 % are available 
just by increasing the voltage output of the generation layer 
from 20 mV to around 1000 mV since the lowest startup input 
voltage for a typical boost converter is 0.85 V. Therefore, the 
resulting generation layer output voltage level is critical to 
determining relative levels of energy conversion efficiency.  
 
 
Figure 3.  (a) Efficiency vs. Vin for 1:100 ratio transformer, 
LTC3108, (b) Efficiency and power loss vs. Iout for 
LTC3525L-3. 
 
Viewing this problem from a system-level perspective, one 
can estimate the relative efficiency (i.e., losses) at each step in 
the conversion process.  Optimization of any final wind energy-
harvesting device for electrical generation design would entail 
effort to improve upon the efficiency of every single step, and 
thereby increase the overall efficiency. Figure 4 shows a 
system-wide estimate of each stage.  As can be seen, the 
challenge offering the most room for improvement is the 
generation layer, where our best existing design is around 
0.067% efficient for an 11 x 4.25 in. cardboard cutout 
(0.067mW/0.1W) at an average wind speed of 4 m/s. The goal 
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is to be able to harvest 10 % of the incoming wind energy, for a 








Supercapacitor-based Charge Storage  
As previously noted, storage is an essential component of 
the system.  While conventional battery-based storage is an 
option, significant progress has been made in the development 
of supercapacitor-based storage [12,13]. In particular, 
supercapacitors represent promising energy-storage solutions 
for incorporation into textiles due to their high charge/discharge 
rates and small masses [14]. 
Within a supercapacitor, a hybrid configuration of 
materials capable of double-layer capacitance and 
pseudocapacitance permits simultaneous high power and 
energy density.  This is accomplished with a composite of 
CNTs or graphene, whose high specific surface area and 
electrical conductivity permit double-layer capacitance; and 
metal oxide particles, whose multiple valance states and 




RESULTS AND DISCUSSION 
Wind Energy Analysis 
All efforts toward front-end electrical generation, control, 
and storage must ultimately be combined with the embodied 
energy of textile motion.  However, since this motion is non-
periodic and not well defined, optimizing the system for 
electrical generation is difficult at best, and requires a systems 
integration approach.   
Wind by its nature is turbulent to some degree and cannot 
be entirely summed up as only a single vector of unvarying 
direction and constant magnitude.  The present objective is to 
harness this turbulent energy in a simple, low-maintenance, 
cost-effective manner.  One approach might involve a simple 
fabric fluttering in the breeze with discrete electrical generators 
uniformly distributed over the surface. The available power in 
the wind may be assumed to derive from two parts: 1) a bulk 
flow (“ram”) component, traditionally associated with wind 
turbines, and 2) a turbulent velocity component that drives the 
fabric and provides motion to power the on-board generators.  
Therefore, for a control volume containing the moving air 
parcel, the time derivative of the volume, and velocity yields an 
approximation to the power contained within the actual moving 
packet of air given by: 
 
    (1)        
 
 2     (2) 
 
As shown in Eq. 2, the total available power contained 
within the moving air packet consists of a v2 term multiplied by 
the time derivative of the mass.  Taking the time derivative of 
the mass would yield the v3 velocity scaling for the power, 
characteristic of most conventional wind turbines.  A second 
expression that scales as v(dv/dt) and can be considered a first-
order contribution representative of the turbulent energy 
component.   
In order to get a measure of the relative magnitudes of 
these two power components, an analysis was performed on 
data obtained onsite at ERDC-CERL. Using a sonic 
anemometer (Young Instruments, Model 81000), eight minutes 
of continuous wind speed data at 32 Hz produced 
approximately 15,000 data points.  The implied vector 
derivative in Eq. 2 was approximated by discrete differences in 
successive values of v2 using three-point differentiation that 
utilized adjacent neighboring values in order to smooth the 
resulting derivative.  A histogram was then compiled from these 
data for each of the computed turbulence powers, and the 
individual powers along the abscissa axes were normalized by 
the RMS values (of v2) from the data set.  These results are 
shown in Fig. 5. 
From this histogram and its associated symmetry, it is 
possible to obtain the first moment, <|X|>, of the normalized 
individual wind powers found in the figure.  Continuing, the 
first moment is expressible as: 
 
| |  
| |
   (3)        
 
    (4)    
 
Evaluating Eq. (3) numerically and using the data from Fig. 5 
gives <|X|> = 0.565 for this particular data set.  To make further 
progress in comparisons of the two power components requires 
knowledge of the control volume’s size.  Given that the active 
volume measured by the high-frequency sonic anemometer is a 
cube 10 cm on a side, then the ratio of the averaged ram-type 
power to the corresponding averaged turbulent power flowing 
through the cube in the zero energy extraction limit (ZEE limit) 
is given by Eq. (5) 
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Figure 5. ERDC-CERL wind data at 32 Hz using 3-point 
differentiation with bins evenly spaced every 0.0025 from -9 
to +8.6 and retaining 1 significant figure. Probability 







        (5)              
 
In this case, ρ is the density of air, v is the air velocity, V is the 
volume (calculated as 1 L), and A is the cross-sectional area 
(100 cm2). From the first set of CERL data, <v> = 1.85 m/s, and  
= 15.55 m3/s (noted as v2RMS in Table 1).  
 
Consequently, the ratio of turbulent to ram power is 0.138.  
Since the P(X) distributions of the other sets of data appear to 
have the same shape as the histogram in Fig. 5, the resulting 
integrations of Eq. 3 will provide the same value of <|X|> ≈ 
0.565. Then the ratio of turbulent to ram power will depend 
only on the <dv*v/dt>RMS and <v3>, as per Eq. 5. To check on 
the universality of this ratio and to better understand the 
operational envelope in which non-conventional devices would 
necessarily need to be optimized, sample wind data from 
  
around the world have been analyzed.  Table 1 shows the 
results of that analysis for six sites using high-frequency sonic 
anemometry data [17].   
An analysis of these data suggests an interesting fact:  there 
appears to be a close similarity of the probability distributions 
for the data summarized in Table 1 to that obtained for Fig. 5.  
The direct consequence of this is that a comparable value of 
<|X|> = 0.565 may be recovered for other data sets found in 
Table 1.  Assuming that other wind data show similar velocity 
magnitude characteristics, a practical engineering approach 
might be to neglect the very infrequent extremes in favor of a 
more optimized “mid-range” device for practical applications.  
Furthermore, it is of interest that Fig. 5 displays the wide-
winged distribution that is a signature characteristic of turbulent 
phenomena.  This result suggests analogous avenues of analysis 
and application such as Komolgorov vortex shedding and non-
steady-state energy content analysis. 
Therefore, for purposes of maximizing total wind energy, 
one would try to combine a system capable of specifically 
harvesting the variable (turbulent) portion of flowing wind 
energy, with one that captures the ram component used by 
conventional wind turbines for even higher total efficiency. 
 
Theory and Analysis of Textile Motion 
With a preliminary understanding of the steady-state and 
variable energy components available in the wind, one can 
move on to the investigation of wind-induced textile motions 
such as flapping and fluttering.  Two distinct approaches have 
been explored for this task, namely 1) eigenfunction and 
eigenmode analysis and 2) three-dimensional modeling and 
visualization using Autodesk 3ds Max [18]. 
The simplest and most restrictive case of textile movement 
can be approximated by a stiff membrane under longitudinal 
tension.  In this scenario, the membrane is fastened along its 
width at one end, but free to move vertically at the other end.  
In this limit, a type of eigenmode analysis may be applicable.  
Within this paradigm, if x is defined as longitudinal distance 
and y is defined as transverse distance, the temporal and spatial 
motion of the membrane from its unperturbed (planar) state is a 
function Z(x, y, t), where t is time.  Consequently, the function Z 
can provide a measure of the motion experienced by a discrete 
 
Table 1.  High-frequency energy content analysis for multiple world sites. 











ERDC-CERL, Champaign, IL 01-JUL-2011 Pastoral Flat 4 32 1.85 0.88 15.6 
ERDC-CERL, Champaign, IL 01-JUL-2011 Pastoral Flat 4 32 4.01 0.99 37.5 
ERDC-CERL, Champaign, IL 01-JUL-2011 Pastoral Flat 4 32 3.70 1.67 30.9 
ERDC-CERL, Champaign, IL 01-JUL-2011 Pastoral Flat 4 32 6.67 1.62 106 
National Wind Test Center, Denver, CO 17-DEC-2000 Pastoral Flat 58 40 22.8 2.98 687 
Lammefjorden, Hornsherred, Denmark 24-JUL-1987 Pastoral Flat 45 16 9.72 1.30 54.8 
Tarifa, Spain  Pastoral Hill 30 20 5.39 0.60 16.8 
Emden, Germany 28-FEB-1997 Coastal Flat 68 20 11.0 0.68 18.0 
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generating unit affixed to a membrane (or textile) surface.  
Performing standard analysis [19] of this kind of restrictive 
system results in the following set of eigenfunctions and their 
eigenmodes: 
 
~ , ,               (6) 
 
 
, ~ sin · sin cos ;          (7) 
;              (8) 
                    (9) 
 
 
, ~ sin · sin cos ;      (10) 
;                   (11) 
              (12) 
 
where C is the speed of propagation and the sides are 
considered constrained along y = 0 and y = W. 
To more realistically describe a flexible membrane 
structure, it is necessary to relax the constant width constraint  
in the previous expressions.  One might consider a textile as 
being composed of an array of narrow, flexible longitudinal 
strips that are interconnected by a series of springs.  This sort of 
system may also result in eigenmode formulation, but will 
require an entirely different wave equation than that previously 
 
outlined.  In the future, chaos theory descriptions [20] or 
treatments derived from more fundamental renderings of the 
Navier-Stokes equations [21] will be invoked to describe wind-
textile interactions. 
To approach the problem from a different perspective, 
Autodesk 3ds Max software was utilized for top-down 
modeling and visualization of a three-dimensional textile in a 
wind profile of user-defined strength and turbulence.  3ds Max 
supports the use of real-world dimensions for environments and 
objects, and incorporates characteristic cloth parameters such as 
density, damping, plasticity, and shear into the modeling of 
textiles.  Consequently, as shown in Fig. 6, the position of a 
textile (here, a rectangle with one fixed side), or any location on 
that textile, can be simulated over a time course of specified 
length and sampling frequency.  Figure 6(a) shows the average 
x-axis displacement of three lower, middle, and upper tracer 
points, as defined in Fig. 6(b) and (c), as a function of wind 
strength.  Regardless of wind strength, the upper tracer point is 
displaced only minimally from its initial location at t = 0.  As 
the distance between the queried tracer point and the textile’s 
constrained axis grows, the x-axis displacement increases as 
does the influence of wind strength on the magnitude of the x-
axis displacement.  Preliminary 3ds Max results for the effect 
of speed and turbulence on textile displacement and velocity 
agree well with those obtained by traditional vortex shedding 




Figure 6. (a) Average x-axis displacement versus wind strength and tracer point position over the course of a 16 sec 3ds Max 
simulation for the textile depicted in (b) at t = 0 and (c) at t = 2 sec.  The error bars in a) represent the corresponding standard 
deviation of x-axis displacement. 
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Wind Simulation Environment Development 
Generation of air flow at discrete intervals across a range 
of wind speeds and conditions is also of interest for the purpose 
of testing generative textile prototypes. To that end, we have 
developed a first-generation Wind Simulation Environment 
(WSE) to provide a carefully controlled artificial environment 
in which stable and reproducible airflow conditions comparable 
to natural wind can be created. 
It was theorized that one fan blowing across an 
anemometer would generate two distinct wind profiles 
corresponding to the two speed settings of the fan (high and 
low).  It was hypothesized that the use of two fans would create 
a superposition of airflow patterns dependent on the speed 
settings of both fans. In order not to directly obstruct the 
airflow from the first fan, the second fan was placed beside the 
anemometer to blow at a 30 degree angle from the line 





Figure 7. (a) Wind Simulation Environment floor plan and 
(b) relative equipment heights.  Fan heights are taken from 
floor to central rotational axis at fan-blade attachment 
point. 
This placement was expected to induce a mixing of the airflow 
from the two fans that would create several different wind 
speed probability distributions at the anemometer. 
Upon characterizing the WSE through a series of wind 
speed probability distributions, four somewhat distinct regimes 
were identified (see Table 2), suggesting four different air-
mixing micro-environments due to a superposition of the air 
flow from the first and second fans. Figure 8(a) and (b) reveal 
the likelihood of a given wind speed value occurring in a 45 
minute sampling interval for a specific configuration under 
examination. Among the four micro-environments, we have 
obtained a reproducible measure of control over the sampled 
airflow patterns (see Fig. 8(c)), and we have shown a discrete 
series of values for the average wind speed through the 
anemometer that is based directly on our fan configurations 
(see Table 2). Figure 8(d) shows a probability distribution of 
outdoor wind data taken at ERDC-CERL. The average speed 
captured in the outdoor wind data is slightly higher than that of 
the WSE, but with similarly-shaped distributions, it seems 
reasonable that we can continue to obtain reproducible data 
from the WSE. 
Once developed, in addition to providing realistic testing 
conditions for generative textile prototypes, the WSE is 
intended for empirical characterization of wind energy transfer 
efficiency into textile samples for various conditions.  The 
energy content will be averaged over a fixed time using optical 
flow imaging and subsequent computer analysis.  The methods 
that sequentially give higher energy transfer efficiency will be 
noted and accentuated.  These more optimal motions will in 
turn guide and compel the front-end generation approach. 
 
 
Table 2. Characterized micro-environments. Standard 









Fan 1 Fan 2 
1 off L, H 2.0, 2.6 Frequency peak lies about 1 std. 
dev.to left of mean. 
2 L, H H 2.9, 2.9 
Frequency peak lies about half a 
std. dev. to left of mean. Roughly 
Gaussian distribution. 
3 L, H Off 3.5, 3.8 
Frequency peak lies about half a 
std. dev. to right of mean. 
Roughly Gaussian distribution. 
4 L, H L 3.2, 3.9 Frequency peak lies about 1 std. 
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Figure 8. Wind speed histograms for (a) Fan 1 on high and Fan 2 on low, (b) Fan 1 on low and Fan 2 on high. (c) 
Reproducibility results with Fan 1 on low and Fan 2 off. (d) Sample wind velocity for outdoor data taken from ERDC-CERL. 
 
CONCLUSIONS 
Flexible, generative CNT-based textiles may have excellent 
potential for electrical capacitive storage and reuse in 
conjunction with small-scale energy harvesting systems. These 
textiles could be capable of both harvesting energy from the 
ambient environment and storing it for later use. The concept 
being investigated may be useful in a variety of applications, 
including building retrofit awnings, energy-sustainable tents, 
signage, and flags. Benefits include portability, modularity, and 
the ability to be inconspicuous and without electromagnetic and 
thermal signature.  
Empirical, analytical, and numerical analyses are being 
performed in order to optimize electrical generation and 
controls. A flexible, supercapacitive storage layer composed of 
carbon nanotubes and metal oxide nanoparticles has been 
developed. Initial investigation into the operational envelope 
entailed the collection and analysis of ultrasonic anemometer 
data from around the world, and comparison of probability 
distributions to reveal a system potentially capable of 
harvesting the steady ram component in addition to a variable 
energy component of the wind. Development of a simulated 
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